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Nonlinear Studies, Theoretical Division, Los Alamos National Laboratory, Los Alamos, New MexicoABSTRACT Natively disordered proteins belong to a unique class of biomolecules whose function is related to their flexibility
and their ability to adopt desired conformations upon binding to substrates. In some cases these proteins can bind multiple
partners, which can lead to distinct structures and promiscuity in functions. In other words, the capacity to recognize molecular
patterns on the substrate is often essential for the folding and function of intrinsically disordered proteins. Biomolecular pattern
recognition is extremely relevant both in vivo (e.g., for oligomerization, immune response, induced folding, substrate binding,
and molecular switches) and in vitro (e.g., for biosensing, catalysis, chromatography, and implantation). Here, we use a mini-
malist computational model system to investigate how polar/nonpolar patterns on a surface can induce the folding of an
otherwise unstructured peptide. We show that a model peptide that exists in the bulk as a molten globular state consisting of
many interconverting structures can fold into either a helix-coil-helix or an extended helix structure in the presence of a comple-
mentary designed patterned surface at low hydrophobicity (3.7%) or a uniform surface at high hydrophobicity (50%). However,
we find that a carefully chosen surface pattern can bind to and catalyze the folding of a natively unfolded protein much more
readily or effectively than a surface with a noncomplementary or uniform distribution of hydrophobic residues.INTRODUCTIONProteins have a remarkable capacity to interact with many
molecular species, including other proteins/peptides, lipid
membranes, Teflon, silica, polystyrene, and a variety of
medical implants. In many instances, the presence of these
additional bodies is necessary for folding to occur. Natively
unstructured (also known as natively or intrinsically
disordered or unfolded) proteins are a class of proteins
that only adopt (or for which part of the protein adopts)
a well-defined structure upon binding to a substrate. Proteins
belonging to this class play a wide variety of roles in the
body, ranging from cell signaling and regulation to molec-
ular assembly in the form of functional oligomers or toxic
aggregates. Examples of proteins that are either partially
or fully disordered include casein, prion protein (PrP),
p53, p21, p27, synuclein, and certain classes of antimicro-
bial polymers (1–6).
The adoption of a fold (and thus function) can be medi-
ated through the process of pattern recognition. Pattern
recognition by proteins is relevant in many contexts and
involves oligomer assembly, immune response, induced
folding and unfolding, enzyme/substrate interactions, and
molecular switches. It is also gaining importance in the field
of biotechnology (e.g., biosensing, catalysis, chromatog-
raphy, and implantation) (7). For instance, the observation
that naturally occurring enzymes under denaturating condi-
tions are able to recover their function and fold in the pres-Submitted September 22, 2010, and accepted for publication December 21,
2010.
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0006-3495/11/03/1306/10 $2.00ence of their substrates (8) led to the engineering of natively
unfolded enzymes (via mutation of truncation) that can only
reach their functional fold in the presence of a substrate.
These enzymes form the basis of a new class of highly
specific biosensors (9–11). Another class of biosensors
that make use of pattern recognition takes advantage of
the intrinsically unstable nature of short peptides (11–14).
Of interest, although some intrinsically disordered peptides
bind only to one partner, for others (as in the case of p53),
pattern recognition can lead to binding to different
partners, resulting in distinct structures and promiscuity in
functions (5,15).
In this work, we sought to understand how a natively
disordered peptide can adopt a well-defined fold via surface
pattern recognition. Although much theoretical and experi-
mental work has focused on the adsorption of natively
structured proteins on surfaces, and the resulting conforma-
tional change, stabilization, or destabilization (16–21), little
effort has been made to understand how surfaces can impact
the structure of natively disordered proteins. Using a coarse-
grained representation of the protein and molecular-
dynamics simulations, we explored the behavior of two
model peptides (a natively disordered peptide and a natively
structured peptide) in the bulk and on various patterned
surfaces. The natively structured peptide is a stable, two-
stranded b-hairpin (obtained by truncating a four-strand
b barrel at the central turn; Fig. 1). Small, two-strand
b-hairpins are a common motif in larger proteins and can
be stable in isolation (22–25). The natively disordered
peptide is obtained by truncation of a four-helix bundle
with a sequence based on a protein designed by Hecht and
co-workers (26–28). The original Hecht protein consists ofdoi: 10.1016/j.bpj.2010.12.3735
4-helix bundle model
helix-coil-helix model
B (hydrophobic)
L (hydrophilic)
N (neutral)
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FIGURE 1 The sequence of the b-hairpin model (LB LB LB LB LB LB
LB LB NNN BL BL BL BL BL BL BL BL) is based on the BF peptide used
by Bellesia et al. (34). The b-hairpin model is a truncation of the original
larger four-stranded b-barrel. The sequence of the helix-coil-helix (LL
BB LL BB LL BB LL BB NNN BB LL BB LL BB LL BB LL) is based
on the AUF2 sequence used by Bellesia et al. (34). The original four-helix
bundle is truncated in half into a helix-coil-helix.
Peptide Folding by Pattern Recognition 1307four helices (see Fig. 1). In principle, there are two different
ways to truncate the four-helix bundle. Truncation of the
central turn leads to two helix-coil-helix motifs, whereas
truncation at all three turn regions leads to four single-helix
motifs. In isolation, the single helix is unstructured (28).
Helix-coil-helices also tend to be unstable, and only one
successfully designed model system is reported in the liter-
ature (29). However, both of these truncated peptides can re-
gain structure upon association, as evidenced by circular
dichroism and NMR experiments in which oligomerization
(dimerization or tetramerization) led to the formation of
well-structured four-helix bundles (28,30). This process
allows stabilization of the secondary structure because the
hydrophobic residues, which are otherwise exposed in the
monomer, are effectively buried. Here, we use as our model
for a natively disordered peptide the peptide obtained by
truncating the four-helix bundle at the central turn. We refer
to this peptide as the helix-coil-helix model, although this
peptide in fact resembles a molten globule in the bulk con-
sisting of many interconverting structures. Even in its
unstructured state, our peptide has high helical content. In
contrast, naturally existing, intrinsically disordered peptides
may have low secondary structure content in their natively
unfolded states (due in large part to the high charge/low
hydrophobicity of their sequences). However, our helix-
coil-helix model and intrinsically disordered peptides share
a common feature in that they are not able to adopt well-
defined stable conformation in the bulk and they require
a binding partner to fold. In this study, we address the
following questions: How do surfaces induce structure innatively disordered proteins? Is it possible to control tertiary
arrangements through the use of explicit surface patterns?
The latter question is particularly relevant in light of the
experimental observation that certain intrinsically disor-
dered peptides can bind to several different partners and
yield distinct folded structures (5,15,31–33).MATERIALS AND METHODS
Peptide model
In this study we used an off-lattice peptide to investigate the effect of
patterned surfaces on folding. Specifically, we were interested in deter-
mining how surface pattern recognition might assist folding. To that end,
we considered two different peptides: a helix-coil-helix and a b-hairpin.
Both are truncated versions of larger peptides, i.e., the four-helix bundle
and the four-strand b-barrel studied by Bellesia et al. (34).
As in the Honeycutt-Thirumalai model (35–37), each monomer/amino
acid is represented as a single bead, which can be hydrophobic (B), hydro-
philic (L), or neutral (N). A Lennard-Jones potential is used to describe
interactions between nonbonded beads: Unb(rij) ¼ 43[(s/rij)12  lij(s/rij)6],
where rij is the distance between beads i and j (jj  ij > 2), s is the bead
diameter (~3.8 A˚), 3 is the increase in stability that results from bringing
two hydrophobic amino acids together (estimated at 1–3 kcal/mole)
(34,38–41), and lij ¼ 1.0 if both residues i and j are hydrophobic (B),
and zero otherwise. In this model, attractive forces exist only between pairs
of nonbonded hydrophobic (B) residues. Hydrophilic (L) and neutral (N)
beads interact with all other beads only through short-range (steric) repul-
sion. The only difference between L and N residues is their effect on
secondary structure. N residues are located in turn regions and allow the
chain to be more flexible due to weaker torsion-angle forces, whereas L
and B residues have either helical or b torsion-angle forces (see below).
Harmonic forces are used to constrain bond lengths between successive
Ca atoms in the chain, as well as bond angles: Ubond(r) ¼ Kb/2 (r  r0)2,
and Ubangle(q) ¼ Kq/2 (q  q0)2, where Kb ¼ 100.0 3/s2, Kq ¼
13.33 3/rad2, q0 ¼ 105, r0 ¼ s, and s and 3 are as defined above.
We model the four-body torsion angle forces between four successive
residues (f) of type B or L in the chain using a potential function with
two deep minima roughly at 60 and 180, corresponding to a-helix and
b-strand conformations. Udihe (g) ¼ C [cos (3g) þ cos (g þd)], where
C ¼ 1.2 3 (see Fig. S1 in the Supporting Material). The torsion angle forces
are discussed in more detail in Fig. S1 and Bellesia et al. (34).
Our helix-coil-helix is a truncated fragment of the AUF2 model used by
Bellesia et al. (34), which was inspired by a variety of helix bundles that
were studied extensively in experiments by the Hecht group (26–28)
(Fig. 1). The sequence of our helix-coil-helix is LL BB LL BB LL BB LL
BB NNN BB LL BB LL BB LL BB LL. In our study, the helix-coil-helix is
biased toward helical conformations (d ¼ 65). The magnitude of this bias
is consistent with amino acids with a high propensity for a-helix secondary
structure. The b-hairpin is based on the BF peptide (unfrustrated/unbiased
b model) used by Bellesia et al. (34) and has the sequence LB LB LB LB
LB LB LB LB NNN BL BL BL BL BL BL BL BL. This b-hairpin model
is able to fold in the bulk without using any torsional angle bias. Because
bias was not needed, we used unbiased (d ¼ 60) torsion angle forces.
The de novo proteins on which these models are based are known to be
unstable when cut into fragments. For example, although the original uncut
four-helix bundle may be stable in the bulk, the single-helix fragments
tend to exhibit random-coil-like CD spectra at low concentrations in the
bulk (28). Consequently, our helix-coil-helix and b-hairpin models are
expected to be less stable in the bulk than their larger counterparts (i.e.,
the four-helix bundle and four-sheet b-barrel model). In our study, when
the helix-coil-helix model was simulated alone in the bulk (i.e., mimicking
low concentration), it adopted random-coil conformations. However, the
dimer simulations (mimicking high concentration) that were performedBiophysical Journal 100(5) 1306–1315
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barrier of radius 20s (42) led to a well-defined, dimeric, four-helix bundle.
This observation illustrates how the stability of the fragment can be restored
by the presence of a complementary binding partner.Surface model
For our simulation we use two types of surfaces: a continuous, homoge-
neous surface and an explicit, nonhomogeneous, patterned surface. The
latter is constructed from the same type of beads used in the protein model,
specifically the B and L beads. Peptide-surface interactions are modeled in
similarity to intramolecular interactions in the peptide model so as to mimic
generic attractive interactions such as the hydrophobic effect, the van der
Waals force, and electrostatic interactions. Different surface patterns and
degrees of hydrophobicity are implemented by varying the type of beads
within the surface. For explicit surfaces, the hydrophobic composition
(percent hydrophobicity) refers to the percentage of hydrophobic beads
present within the surface.
In contrast, a continuous surface is composed of a mixture of B and L
beads distributed uniformly with a density of one bead per s2 area (r ¼
1/s2). We implement hydrophobicity in the continuous surface using the
variable h (between 0 and 1), where h represents the percentage of beads
of type B within the surface. The remaining beads on the surface are of
type L. We compute the interaction between the continuous surface and
our peptide by adding up the interactions between each bead in the surface
with each bead in our peptide. In this case, the beads are distributed
uniformly on the XY plane, and consequently this sum is an integral over
the XY plane. For each hydrophobic bead in the peptide (type B), the
surface-interaction energy is:
UcontðzÞ ¼ 4p 3 r s2
ð1=5Þðs= zÞ10ðh=2Þðs= zÞ4
Where z is the distance of the peptide bead from the surface. Other beads in
the peptide (type L and N) are not attracted to the surface, and consequently
they lack the attractive (s/z)4 term. This 1/z10 and 1/z4 potential on the
continuous surface is equivalent to the 1/r12 and 1/r6 interactions between
the peptide and an explicit beaded surface (see Fig. S4). We establish
boundary conditions by placing two identical parallel surfaces ~32 s apart
in the Z axis, which is larger than the radius of gyration of the completely
unfolded peptide used in our simulation. The surfaces are then extended
indefinitely in the X and Y directions.Simulation and analysis methods
Replica exchange simulations (43–45) were performed on the helix-coil-
helix and b-hairpin models in bulk and in the presence of surfaces. The
temperature range was from 0.175 to 0.65 3/kBT. For each pair of neigh-
boring temperatures, the acceptance ratio (the number of successful swaps
divided by the number of swap attempts for that particular pair, i.e., the
fraction of successful exchanges) was ~50–80%. The free-energy landscape
for folding was characterized as follows: The free-energy map (sometimes
called the potential of mean force) was plotted as a function of Rg (radius of
gyration) and Xa (percentage of helical dihedral angle) at T ¼ 0.3 (3/kB),
where 0.3 (3/kB) is roughly the folding temperature for the helix-coil-helix
on a number of continuous and explicit patterned surfaces (heat capacity
data not shown). Torsion angles in the range of 29–109 were counted as
helical (see Supporting Material for additional details). The weighted histo-
gram analysis method (47–49) was used to calculate free-energy maps.
Data from all temperatures were taken into account during the free-energy
calculation. All simulations were initiated by placing the random unfolded
peptide at least 10s from the nearest surface. Simulations were performed
using Langevin dynamics with a velocity decay rate of z ¼ 0.04 (in units of
t1, where t is defined as the square root of (ms2/3), and m is the mass of
a typical amino acid). All energies are in units of 3 and all distances are
measured in units of s.Biophysical Journal 100(5) 1306–1315RESULTS
Helix-coil-helix: an intrinsically unstable peptide
The helix-coil-helix is disordered in the absence of a favorable
binding partner
To investigate how pattern recognition might assist/guide
peptide folding, we performed replica exchange simulations
of the helix-coil-helix monomer in the bulk and in the pres-
ence of both homogeneous surfaces and explicit surfaces
with distinct patterns. For comparison, we also simulated
the dimerization of two helix-coil-helices. Our results indi-
cate that despite the built-in sequence and dihedral angle
preference for helical bundle formation, the peptide model
(as monomer) is disordered both in the bulk and in the pres-
ence of a purely repulsive surface. In both cases, the free-
energy maps plotted as a function of the radius of gyration
(Rg) and the helical content (Xa) show a single, broad basin
centered around Rg ¼ 1.6s and Xa ¼ 77% (Fig. 2). The
structures correspond to a variety of collapsed conformers
(Fig. 2). Additional kinetics simulations at constant temper-
ature demonstrated spontaneous and frequent transitions
between these collapsed conformations (Fig. S2). These
structures arise because the peptide is unable to effectively
bury the hydrophobic residues to form a hydrophobic core
while simultaneously forming short helices. On the other
hand, we observe that two helix-coil-helices quickly
dimerize with each other and form a stable four-helix bundle
with anti-bisecting-U topology (30,50,51). Each monomer
folds into a helix-coil-helix corresponding to a single
prominent basin (Rg ¼ 2.9s, Xa ¼ 92%) in the free-energy
map (Fig. 2), where 92% Xa corresponds to ~24 helical
torsion angles per monomer. Our simulation results are
consistent with the experimental observation that secondary
structures (helices) in small peptides are stabilized upon
oligomerization (28).A homogeneous surface induces folding of a disordered
peptide into a helical structure
Simulations were performed with a homogeneous attractive
surface of increasing hydrophobicity. The free-energy land-
scapes corresponding to these simulations are shown in
Fig. 3. At 0% hydrophobicity (a purely repulsive surface),
only the unfolded basin (Rg¼ 1.9s, Xa¼ 77%) is populated.
As hydrophobicity increases, a second basin starts to appear
at a higher radius of gyration and helical content (Rg¼ 2.9s,
Xa ¼ 92%). This basin corresponds to well-formed helix-
coil-helices (denoted as bundle-R). Under 40% hydropho-
bicity (h < 0.4), the majority of the structures belong to the
compact disordered basin. Above 40% hydrophobicity, the
population gradually shifts from disordered structures to
well-formed helix-coil-helices, with equal populations of
both basins seen at the above locations (Rg ¼ 2.9s, Xa ¼
92%, or Rg ¼ 1.9s, Xa ¼ 77%). The basin corresponding
to disordered structures disappears completely at 60%
FIGURE 2 Free-energy maps for the helix-coil-helix monomer in the
bulk (top), the monomer in the presence of repulsive surface (middle),
and the dimer in the bulk (bottom). Free energies are plotted at T ¼ 0.3
(3/kB). The X axis represents the radius of gyration (in units of s), and
the Y axis represents the percentage of helical dihedral angles Xa (Xa is
the percentage of backbone dihedral angles in the range of 29–129,
excluding turns; 100% corresponds to 26 helical torsion angles). For the
monomer (both in the bulk and in the presence of a repulsive surface),
compact disordered structures dominate the population. For the dimer,
a free-energy map is constructed with the same reaction coordinates, calcu-
lated separately for each monomer in the dimer simulation. The two mono-
mers assemble to form a stable dimeric four-helix bundle. Each monomer
adopts a helix-coil-helix conformation. Snapshots are shown next to the
free-energy maps. For the peptide model, hydrophobic beads (B) are
colored in yellow/wheat, neutral beads (N) are present only in the turn
Peptide Folding by Pattern Recognition 1309hydrophobicity (Fig. 3). For our model, the free-energy map
remains the samewhen the hydrophobicity is increased from
60% to 100%. However, given the simplicity and limitations
of our minimalist model, we prefer not to overinterpret the
behavior of the peptide under such extreme conditions.
An explicit attractive patterned surface can induce
a range of helical structures
We examined a number of patterns with various degrees of
hydrophobicity (as measured by the percentage of hydro-
phobic/B residues on the surface).
A surface with low hydrophobicity induces folding via
specific pattern recognition. The first pattern we studied
was the n  9 pattern, where n corresponds to the total
number of adjacent rows with hydrophobic beads, and 9 is
the number of adjacent hydrophobic beads in a given row.
In our study, n varied between 1 and 3. We initially focused
on this pattern because the length of the pattern (nine beads)
exactly matches the length of one helix of a perfect helix-
coil-helix, making it a possible candidate to rescue the
helix-coil-helix conformer via pattern recognition. On the
2 9 rectangle pattern (3.7%hydrophobic beads), two basins
can be observed in the free-energy map (Fig. 4). One corre-
sponds to a slightly expanded disordered conformer (Rg ¼
2.5s and Xa ¼ 77%), and the other corresponds to a helix-
coil-helix (Rg¼ 2.6s and Xa¼ 92%). When a 3 9 pattern
(5.6% hydrophobic beads) is used, only a very small fraction
of the peptides can fold to a helix-coil-helix, and the free-
energy map shows that the major basin corresponds to
unfolded structures with low helical content (Fig. 4). In
contrast, a surface with two 1  9 hydrophobic stripes sepa-
rated by a single repulsive stripe leads to a more pronounced
basin for the helix-coil-helix.
The second class of patterns we studied was the
n  infinity pattern. The 1  infinity pattern (5% hydro-
phobic beads) yielded a single basin in the free-energy map
corresponding to disordered structures. The 2  infinity
pattern (11% hydrophobic beads), on the other hand, ex-
hibited a newbasin at an extendedRg and high helical content
(Rg ¼ 5.0 – 6.5s, Xa ¼ 92%) corresponding to an extended
helical structure. We will refer to this structure as ‘‘stacked’’
to contrast it with the bundle structure. In addition to the
extended helical structure, an extended structure with low
helicity is seen. Two helical bundles are not observed for
this pattern (Fig. 4). Finally, we studied patterns consisting
of small hydrophobic patches (22 squares, 25% hydro-
phobic beads; Fig. 4). Such patterns did not yield either
a bundle or a stacked helix structure, but led to a variety of
disordered conformations.
Of note, it is not necessary for a patterned surface to have
a large fraction of hydrophobic surface area to causeregion and are colored in gray/white, and hydrophilic beads (L) are colored
in blue/slate.
Biophysical Journal 100(5) 1306–1315
FIGURE 3 Free-energy maps of the helical
model on a continuous surface at various hydro-
phobic fractions, h. Free energies are plotted at
T¼ 0.3 (3/kB). When the overall hydrophobic frac-
tion, h, is%40%, most structures are compact and
disordered. At 45% hydrophobicity, the compact
disordered structures are only slightly favored
compared with the helix-coil-helices. At h ¼
50%, helix-coil-helices are slightly favored over
the compact disordered structures. At h ¼ 60%,
helix-coil-helices are favored and the basin for
compact disordered structures is completely
absent. A snapshot for the helix-coil-helix
(bundle-R) is shown. Similar results were observed
for explicit surfaces (see Fig. S4).
1310 Zhuang et al.a significant shift from disordered structures to structures
with high helical content. In fact, only 3.7% and 11% of
the beads are hydrophobic in the 2  9 rectangle pattern
and the 2  infinity stripe pattern, respectively. This is in
agreement with our studies, which indicated that the peptide
is more likely to see the local pattern on the surface instead
of the overall hydrophobicity (E. Zhuang, A. I. Jewett,
and J.-E. Shea, unpublished). Of more importance, we found
that helix formation is extremely sensitive to the size of local
hydrophobic patch: a 2  9 patch encourages helix forma-
tion, whereas a slightly larger patch (3  9 patch) disrupts
helix formation. This result is consistent with a previous
observation that the size of local hydrophobic patches is
a relevant factor in governing helix formation (52).
We also observed that on surfaces with low hydropho-
bicity (<50%) and nonideal patterns (noticeably the 2  2
checkerboard or 1  infinity single stripe), the peptide
remains completely disordered (Fig. 4). It is important to
point out that the 2 9 rectangle pattern and the 2 infinity
stripe pattern provide enough specificity for the peptide to
fold into either a helix-coil-helix or two stacked helices
(end-to-end), but not both. At the same time, the disordered
population is still significant. It is possible that the overall
hydrophobicity of these two surfaces is not sufficiently
high, and/or the surface pattern does not perfectly comple-
ment the shape of a helix-coil-helix.
A surface with high hydrophobicity induces folding via
nonspecific binding. We examined similar patterns at
high hydrophobicity, with surprising results. We found that
a checkerboard pattern consisting of alternating B and L
beads can completely eliminate the disordered basin and
strongly favor the formation of a helix-coil-helix (Fig. 5).
When the 1 infinity pattern is used at 50% hydrophobicity,Biophysical Journal 100(5) 1306–1315the peptide now mostly folds into a helix-coil-helix with
a hint of some stacked helix conformers (Fig. 5). This is
in sharp contrast to the 1  infinity striped pattern, which
disfavors helical structures at low hydrophobicity (25%
hydrophobic beads). The 2  infinity pattern, which
produces stacked helices at low hydrophobicity, continues
to favor the stacked helical conformers at 50% hydropho-
bicity (Fig. 5). Of interest, a new basin corresponding to
the helix-coil-helix also emerges for this pattern. Although
the alternating B/L checkerboard pattern and the 1 infinity
pattern completely eliminate the unfolded population at high
hydrophobicity, the 2  infinity pattern is not able to do so.
A close inspection of the helix-coil-helices formed on the
continuous surfaces reveals that the hydrophobic residues
on the peptide are packed differently compared with those
formed on several of the explicit surfaces (see Discussion)
(Fig. S5). Specifically, the packing between the two helices
is tighter on these explicit surfaces (bundle-T). By compar-
ison, the helix-coil-helix on the continuous surface is semi-
flattened and shows more relaxed packing (bundle-R).Surface-induced stabilization of an intrinsically
stable b-hairpin
For comparison, we also explored the behavior of a stable
peptide (with b-sheet secondary structure) in the vicinity
of patterned and uniform surfaces. This particular peptide
is stabilized in the presence of a uniform, continuous hydro-
phobic surface (h ¼ 0.2.h ¼ 1.0; Fig. S6). It is stabilized
even more in the presence of an explicit 2  12 rectangular
pattern, which mimics the interface provided by the other
half of the four-sheet b-barrel. This is because, unlike
a uniform surface, which sticks to both b-strands regardless
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FIGURE 4 Explicit surface patterns with low hydrophobic composition (<50%) and their corresponding free-energy maps for the helical model. Free
energies are plotted at T ¼ 0.3 (3/kB). Surface hydrophobic beads (B) are colored in light brown. Surface hydrophilic beads (L) are colored in blue. The
beads used on the surface are exactly the same as those found in the peptide model; they are colored a slightly different shade for contrast. For the peptide
model, hydrophobic beads (B) are colored in yellow, neutral beads (N) are colored in gray, and hydrophilic beads (L) are colored in blue. Top left: 2  2
square patches arranged in a pattern consisting of 25% hydrophobic beads overall. A variety of compact disordered structures are observed. Middle left: 1 
infinity stripe pattern of 5% hydrophobic beads. Compact or semiextended disordered structures are observed. Bottom left: 2 infinity stripe pattern at 11%.
Extended disordered structures and stacked helical structures are observed. Top right: A 3.7% hydrophobic pattern consisting of two 1  9 & 1  9 stripes,
separated by a single row of hydrophilic beads. The formation of helix-coil-helix is greatly favored. Middle right: A 2  9 rectangle pattern also at 3.7%.
Semiextended disordered structures and helix-coil-helices are observed. Bottom right: A 3  9 rectangular pattern at 5.6%. Only semiextended disordered
structures are observed. These structures have the overall shape of the helix-coil-helix but lack the well-formed helical turns. Snapshots are provided for
significant minima seen on the free-energy landscape.
Peptide Folding by Pattern Recognition 1311of their direction, the patterned surface only rewards confor-
mations that have the correct tertiary structure, with the two
b-strands antiparallel and side-by-side (Fig. S6).DISCUSSION
In this work we investigated the behavior of small peptides/
fragments of peptides. Such peptides lack a well-defined
hydrophobic core and thus are more likely to be intrinsically
disordered. In comparison, larger globular proteins have
a well-defined/buried hydrophobic core. In our peptide
models (the helix-coil-helix and b-hairpin), intramolecular
interactions are not necessarily disrupted by peptide-surface
interactions, i.e., there is very little competition between
intra- and intermolecular interactions. However, this is not
the case for large globular proteins. To be able to interact
strongly with a hydrophobic surface, these larger proteins
may have to disrupt a significant number of intramolecularinteractions and expose their hydrophobic core. We suspect
that a hydrophobic surface is more likely to destabilize large
globular proteins (53,58–62) than small peptide fragments
(or larger intrinsically disordered peptides, which we expect
to behave similarly to the peptide fragments).
Our results suggest that a surface with the complementary
pattern, even at low hydrophobicity (h% 25%), can induce
a well-defined structure in an otherwise unstructured
peptide. The surface can recover and stabilize a peptide
that is unstable in the absence of a binding partner. For
instance, although the hydrophobic residues are fully pro-
tected in the four-helix bundle, they are exposed in the
helix-coil-helix. Consequently, the helix-coil-helix is unable
to fold on its own in the bulk. A surface with the right
pattern can stabilize the helix-coil-helix by providing
complementary interactions that are normally supplied by
the other half of the four-helix bundle. In addition, the
pattern of choice can also induce the peptide to adopt newBiophysical Journal 100(5) 1306–1315
FIGURE 5 Highly hydrophobic (¼ 50%)
explicit surface patterns and their corresponding
free-energy maps for the helical peptide model.
Free energies are plotted at T ¼ 0.3 (3/kB). Top:
The alternating B & L pattern at 50%. Helix-coil-
helix structures are observed. Middle: 1  infinity
stripe pattern at 50%. Both helix-coil-helix struc-
tures (majority) and stacked helical structures
(minority) are observed. Bottom: The 2  infinity
stripe pattern at 50%. Stacked helical structures
and extended disordered structures are observed.
Snapshots are provided for significant minima
seen on the free-energy landscapes.
1312 Zhuang et al.tertiary conformers (i.e., by forming stacked helices instead
of helix-coil-helix). In other words, a surface with the
correct pattern can strongly bind to and influence folding
by complementing solvent-exposed hydrophobic residues
on the protein surface.
On the other hand, strongly attractive surfaces (50%
hydrophobic beads) are more likely to bind to proteins
nonspecifically and, in principle, can both stabilize them
through planar confinement and destabilize them by
competing with and disrupting native intramolecular inter-
actions. Protein adhesion/adsorption can stabilize the
native state indirectly by reducing the entropy of the
unfolded state (53–58). However, strong peptide surface
interactions can also destabilize a protein by competing
with the formation of native tertiary intramolecular interac-
tions, causing the protein to fall apart in an effort to bring
its residues in contact with the surface (53). A number of
theoretical coarse-grained models have been used to illus-
trate how an attractive surface can denature proteins
(53,58–62). Some proteins, such as fibrinogen, are known
to be denatured in the presence of a hydrophobic surface
(63,64). However, the two peptide models considered
here share certain key characteristics (specifically, simpler
topologies and limited intramolecular interactions) withBiophysical Journal 100(5) 1306–1315intrinsically disordered proteins. Thus, destabilization by
competing interactions upon surface binding was rarely
observed in our study. In fact, the peptides in our study
were stabilized by a continuous hydrophobic surface. Our
results are consistent with earlier findings that a hydro-
phobic surface (e.g., Teflon) can promote helix formation
in small peptides, such as the amyloid b-protein (65,66).
In general, a wide variety of strongly attractive/hydro-
phobic surfaces can influence protein folding because the
binding is nonspecific. The pattern on the surface does
not have to complement the protein that is bound to it. A
pattern consisting of alternating stripes (1  infinity stripe
at 50%) appears to have similar effect on peptide folding
compared with a pattern of alternating B and N beads at
50% (Fig. 5).
In the helical model, we find that surfaces with low hydro-
phobicity almost exclusively utilize pattern recognition to
encourage the peptide to fold into helices. Consequently,
it is more essential to choose the right pattern at low hydro-
phobicity. At higher hydrophobicity, the surface may
encourage folding in two different ways: 1), by facilitating
pattern recognition; or 2), by providing a more amiable
environment and reducing the need to bury hydrophobic
residues. As a result, higher surface hydrophobicity may
Peptide Folding by Pattern Recognition 1313compensate for the imperfection of the pattern, thus allow-
ing the unfavorable pattern (e.g., 1  infinity single stripe)
to become favorable. Because binding can occur anywhere
on the high-hydrophobicity surface (due to higher surface
coverage of hydrophobic beads) and does not always require
pattern recognition, we are able to observe multiple stable
conformers on a given surface. This is different from what
is observed on a surface with low hydrophobicity, where
specific binding tends to favor only one stabilized
conformer. For example, it is possible to favor how the
two helices are positioned with respect to each other on an
explicit surface at low hydrophobicity by simply varying
the pattern, as can be seen in the example of the 2  9 stripe
versus 2  infinity stripe pattern. On explicit surfaces with
high hydrophobicity (1  infinity stripe at 50%), the free-
energy map will show basins for both helix-coil-helices
(more favored) and stacked helix conformers (less favored)
instead of just one of the two. Due to the lack of pattern on
the continuous surfaces, we were not able to control the
tertiary arrangement of the two helices (i.e., bundle versus
stacked). As the overall hydrophobicity on continuous
surfaces increases, the peptide folds into a homogeneous
population of helix-coil-helices. The bundle conformer is
favored on the continuous surface because it allows a higher
number of intramolecular interactions (helix-helix interac-
tions) while still retaining the same number of intermolec-
ular interactions (helix-surface interactions) as the stacked
conformer. On the explicit surface, it is possible to favor
the stacked conformer because the availability of the
helix-surface interaction can be easily modified with the
use of patterns.
It is worth mentioning that the helix-coil-helix
conformers obtained on the explicit and continuous surfaces
are slightly different (Fig. S5). The conformers obtained on
the continuous surfaces do not closely resemble those found
in the four-helix bundle. Both the 1  9 and 2  9 explicit
rectangle patterns are narrow, which causes the hydrophobic
residues from the two neighboring helices to face each
other, in similarity to the type of packing expected in
a four-helix bundle (Fig. 2, dimer). This is not surprising,
because these surfaces were designed to mimic the missing
portion of the four-helix bundle that was removed. On the
other hand, the helix-coil-helix conformers on the contin-
uous surfaces are more flattened, and thus the hydrophobic
residues face the surface instead of facing other hydro-
phobic residues in the neighboring helix. Our results suggest
that, compared with continuous surfaces, explicit surface
patterns allow a higher degree of control in terms of guiding
peptide folding. Of interest, however, when we widened the
2  9 rectangle pattern to a 3  9 pattern in an attempt to
relax the packing in the helix-coil-helix so that it would
become more flattened (as seen on the continuous surface),
we found that most of the structures instead became
completely disordered, highlighting the sensitivity and spec-
ificity of pattern recognition.CONCLUSIONS
In nature, protein-protein and protein-surface interactions
are driven by both specific and nonspecific associations.
Generic, nonspecific attraction leads to binding and can
stabilize (or destabilize) protein structure and even catalyze
folding. In this respect, pattern recognition is not a require-
ment for protein binding and assisted folding. However, in
this work we have demonstrated that pattern recognition
can significantly enhance protein binding and folding for
a simple model protein. Surfaces with patterns that comple-
ment their target proteins can bind to and stabilize them
more effectively than surfaces with nonspecific, noncomple-
mentary patterns. A pattern can be designed to trigger
drastic conformational rearrangement in a protein, even if
the surface makes a comparatively small number of attrac-
tive interactions with the protein (i.e., even if the surface
has low average hydrophobicity). It would be interesting
to explore further examples of surface interfaces with low
average hydrophobicity/affinity using multiple model
proteins with different folds. Our studies suggest that it
would be feasible to tune the patterns and hydrophobicity
of the binding interface to attain high specificity.
Finally, this work lays the framework for addressing
binding of intrinsically disordered proteins as well. The
pattern on a surface can be considered as patches represent-
ing a binding site in a larger protein. As shown above, the
correct patterns in a binding interface can help the surface
recover the right conformation of a binding partner (ligand).
This kind of mechanism may be applicable to the coupled
folding and binding events associated with intrinsically
disordered proteins or peptides. This is especially relevant
in the case of intrinsically disordered proteins that adopt
different conformations when binding to different partners.
Our simulations provide an example of how changes in
patterns between different binding partners can induce
different folded conformations for the same intrinsically
disordered segment.SUPPORTING MATERIAL
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